Printing technology based on plasmonic structures has many advantages over pigment based color printing such as high resolution, ultra-compact size and low power consumption. However, due to high losses and broad resonance behavior of metals in the visible spectrum, it becomes challenging to produce well-defined colors. Here, we investigate cross-shaped dielectric nanoresonators which enable high quality resonance in the visible spectral regime and, hence, high quality colors. We numerically predict and experimentally demonstrate that the proposed all-dielectric nanostructures exhibit high quality colors with selective wavelengths, in particular, due to lower losses as compared to metal based plasmonic filters. This results in fundamental colors (RGB) with 1 arXiv:1612.03499v3 [physics.optics]
all these metal based plasmonic devices show significant losses within the visible spectrum.
On the other hand, all-dielectric metasurfaces can be a promising solution with significant advantages over metallic nanostructures such as high quality resonances and low intrinsic ohmic losses. [30] [31] [32] [33] [34] [35] [36] [37] [38] Silicon based all-dielectric devices have been reported for local manipulation by wavefronts, such as beam diversion, vortex plates and light focusing using meta-lenses. 33, [39] [40] [41] [42] The advantages of Si nanodisks are high refractive index and ease of fabrication with well established CMOS technology. Interestingly, the high refractive index allows to manipulate by magnetic and electric components of light simultaneously. In the case of metal based nanoantennas, absorption losses can be significant at visible spectrum, while interaction with magnetic component of the incident beam requires more complex shapes.
Recently, an investigation has been conducted to demonstrate the possibility of using siliconaluminum hybrid nanodisks 43, 44 to create colors of high quality. Silicon nanoparticles were proposed as a valuable alternative to plasmonic nanoantennae for the design of color pixels. 38, [45] [46] [47] However, the potential of all-dielectric resonance structures is presently very far from being fully estimated and exploited.
In this work, we propose a systematic approach to build color filters by using advantages of cross-shaped Si nanoresonators, which are closely spaced to each other to create a metasurface. Recently reported numerical studies of the nanocross geometry 38 have indicated that a broader gamut of colors is possible in comparison to simpler shapes like the cylinder (disk). The main goal is to obtain a high quality (narrow) resonance throughout the visible spectrum that enables an extended gamut with colors of high purity. 
Results
Let us start from the general geometry and basic operation principles of the proposed devices. • cross section view is also added in the inset for the same fabricated device.
For the studied Si structure, extinction cross section spectrum is presented in Fig. 1(c) .
Two resonance peaks are observed at 465nm and 520nm. They can be tuned throughout program. 50 The results of conversion of the spectra shown in Fig. 2 (a) are presented in Fig. 2(b) . Generally, a higher quality of resonances corresponds to a better approaching 6 to the boundaries of the chromaticity diagram and, hence, enable higher quality and wider gamut of colors. Complete details about color visualization using reflectance spectra are given in supplementary information under section color representation from reflectance spectra.
By operating the metasurface in reflection mode, a broad spectrum of colors for highly selective wavelengths (i.e., high quality colors) can be obtained. In principle, colors can be generated by using either additive or subtractive approach. corresponds to the structures, for which reflectance spectra are presented in Fig. 2(a) . Thus, the resonance region corresponds to different colors at different values of P , see Fig. S4 in supplementary information. This dependence occurs owing to the coupling of resonance fields of nanoresonators. The use of larger values of P allows us to create a richer variety of colors, as we have more choices to increase the length and width. We have observed different colors under optical microscope due to variations in lattice constant (P ) from 250nm to 350nm, see Fig. 2(c) . The lattice constant was increased here by a reasonable increment of 20nm to make it feasible for fabrication process. Although it might be hard to distinguish between the highly saturated colors in Fig. 2(c) , the reflectance spectra in Fig. 2(a) and the corresponding CIE-1931 chromaticity diagram in Fig. 2(b) give us a clear picture about it.
In fact, a color gamut can be possible by making a matrix between the scaled lengths and widths.
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The fact that two resonances, which are observed in Fig. 2(a) at different values of L and W , are closely spaced makes fabrication of a particular color possible, that is unlikely in case of metal based plasmonic structures, because they show a broad resonance. Moreover, it is possible to create a selective wavelength color due to sharp resonances, particularly in the lower part of the visible spectrum. It is observed in Fig. 2(a) Fig. 3(c) confirm the quality of highly saturated primary colors, which is an important advantage of the suggested all-dielectric metasurface based pixels over the existing plasmonics devices. A CIE 1931 chart is used to represent the simulated and experimental spectra of the primary colors, see Fig. 3(d) . One can see a very small shift in color spectrum, which might come from fabrication imperfections. It is noticeable that there is good coincidence between two sets of experimental results.
Conclusion
Polarization insensitive all-dielectric metasurfaces based on 2D arrays of cross-shaped Si Additionally, we have demonstrated the primary colors painting in the form of pixels. These colors show high saturation and hue value. In fact, our device is capable to produce a large panel color in the visible regime with strong spectral selectivity, provided that the nanoan- 
Methods
Simulations. We have used Lumerical FDTD solver 49 to study metasurfaces comprising the cross-shaped nanoresonators on a dielectric substrate. The materials used for substrate and cross-shaped nanoresonators are SiO 2 and Si, respectively. The material parameters are taken from default the material library of the used software. A plane wave ranging from 400nm to 700nm is illuminated from the top of the structure. Periodic boundary conditions are used in the unit cell along x and y directions. Perfect matching layer (PML) boundary conditions were used in the z directions to avoid any reflection. The reflectance spectra are simulated by considering a unit cell (one cross-shaped nanoresonator on substrate) with periodic boundary conditions in x and y directions.
Device fabrication. A piranha cleaned quartz sample (275µm thick) is used to fabricate the device. We have deposited a thin layer of 140nm amorphous Si using ICPCVD tool at 300
• Celsius with 150W added microwave power. A single-layer PMMA photoresist is used for patterning cross-shaped nanoresonators by using Raith 150-Two EBL tool. An electronic mask is designed using an open source Python program. The exposed sample is developed using MIBK-IPA (1:3) and an IPA solution for 45s and 15s, respectively. A thin layer of metal (5nm Cr as adhesion layer and 40nm Au) is deposited to transfer the pattern on metal layer for lift-off process using four target evaporators. After lift-off, the sample is etched using plasma asher to get the final pattern. A process flow chart with step by step details is available in supplementary information.
Optical characterization. A dual optical characterization is done to ensure the results.
The sample is placed under Olympus optical microscope and illuminated with white light without filter. The colors can be directly seen under optical microscope. The reflectance spectra are measured using a home-made customized setup. A HL 2000 halogen lamp source is coupled with an optical fiber to illuminate the sample in the visible range, i.e., from 400nm to 700nm. A 50× objective lens with N A = 0.65 is used to get tight focusing of light on the sample. The reflectance spectra are measured using the same objective lens. All the collected data are normalized with respect to the bare quartz sample. A Nikon camera attached with assembly is used to take the photograph of the illuminated area.
